We have presented the role of the Coulomb interaction (U) and the magnetic field ( B) on the ground state properties of the quasi-one dimensional graphite ribbon structures at half-filling. Mean field Hartree-Fock Approximation is used to study the systems. To understand the boundary effects in graphite structures, we have compared the results of these systems with those of the square lattice ribbon structures. Studying the density of states, the Drude weight and the charge gap, we have drawn the U − B phase diagrams for the zigzag and the armchair graphite ribbons.
Introduction
Recently, there has been a lot of theoretical work on the carbon-network structures due to the scope of wide applicability of the materials composed of carbon atoms in nanotechnology devices [1] . Study of nanoscale graphites seems interesting since in these systems edge and bulk effects are comparable.
States near the Fermi level have strikingly different features depending on the boundary geometry of the graphites. The graphite lattices with finite widths, known as graphite ribbons, are the simplest systems to study the boundary effects. There are two basic edge shapes in graphites, the armchair and the zigzag. Zigzag ribbons posses localized edge states at the Fermi level, which correspond to the non-bonding molecular orbital [2, 3, 4] . These types of edge states are completely absent in armchair ribbons. It was observed, both experimentally and theoretically, that depending on the boundary geometry and size, graphite ribbons may be metallic or insulating [5, 6, 7, 8, 9, 10] . In the recent past, there has been a lot of exciting experimental work on the graphenes exploring their response to electric and magnetic fields [11, 12] .
A lot of work has been done studying the magnetic properties of the graphite ribbons [13, 14, 15, 16] . It was observed that an external magnetic field can induce in these systems several features such as metal-insulator transition [13] , Aharonov-Bohm oscillation of conductance [16] etc. Inclusion of the Zeeman interaction results in a step-like structure of the magnetoconductance [15] in graphite systems. On the other hand, electronic properties of the graphite ribbons in the presence of the on-site Coulomb repulsion are also studied using the Hubbard model within the Hartree-Fock Approximation [3, 17, 18] ; the Hubbard interaction is found to favor the formation of ferrimagnetic spin polarization along the edge of the zigzag ribbons. Vacancy induced magnetism in graphene ribbons has also been studied by using the Hubbard model [19] . Recently, the density functional theory has been used to determine the electronic and magnetic structure of hydrogen-terminated graphene nano-ribbon edges [20] as well as to study the energy gaps and magnetism in bilayer graphene nano-ribbons in the presence of an external electric field between the layers [21] . Graphenes in the presence of both the magnetic and the electric fields have also been studied within a noninteracting tight-binding picture by using the Green function formalism [22] . Few works are also done studying the properties of two and three dimensional graphite lattice structures in the presence of a magnetic field and the on-site Coulomb repulsion [23, 24, 25] . However, a detailed study of the properties of the graphite ribbons with different types of edges, in the presence of both the magnetic field and the Hubbard interaction is yet to be worked out.
In this paper, we investigate how the properties of the graphite ribbons with zigzag and armchair edges vary with the strength of the magnetic field (both parallel and perpendicular to the graphite plane) and the onsite Coulomb repulsion. To understand the role of the special geometry of graphite structures, we also compare our results with similar calculations on the square lattice ribbons. We model the system using the Hubbard Hamiltonian in the presence of a magnetic field, and solve it for the half-filled band within the unrestricted Hartree-Fock Approximation (HFA).
The Model
For convenience, we use a lattice transformation which changes a hexagonal lattice to a brick-type lattice, without changing the lattice topology [4] .
Under this transformation the zigzag and the armchair ribbons look like as shown in Fig. 1 . We use the following Hamiltonian to describe our system.
where c electron with spin σ and the magnetic moment is hereafter measured in units of µ B , the Bohr magneton; B is the magnetic field. Under the Hartree-Fock Approximation, we decouple the Hubbard term using
where the angular brackets denote the expectation values. This leads to two decoupled Hamiltonians for the up and the down spins, which can now be easily diagonalized to obtain the single particle energy levels in a self-consistent manner. This particular approximation has been extensively used in studying short ranged electronic interaction in similar low dimensional systems with reasonable success. Many of the works on graphite systems treated the electronic correlation using the unrestricted HFA calculation which yielded physically reliable phases [3, 17, 18] . Some novel predictions regarding the edge states of the graphenes found in these works are in excellent agreement with the results found by calculations based on the Density Functional Theory (DFT) method [26, 27] . So the unrestricted HFA has already been well tested for the present model at least in the limit B = 0. Moreover, the antiferromagnetic phases driven by the Hubbard correlation in similar low dimensional systems (e.g. one dimensional C 60 polymers) has been successfully studied using the same level of approximation [28] to yield a reasonable comparison with experimental findings. Based on the above observations it seems meaningful to explore the ground state properties of our model Hamiltonian (1) using the unrestricted HFA. The stability of the phases obtained in the numerically self-consistent calculation has been checked carefully.
Throughout our study, we consider periodic boundary condition along the length of the ribbon and open boundary condition along its width. One can realize such a boundary condition in practice by wrapping the ribbon in the form of a cylinder whose axis is parallel to its width. However, we would like to stress that in our study we have considered the flat ribbon under periodic boundary condition along its length. As we shall show later on, the results become insensitive to the boundary condition for system length considered in our work. We have studied the ribbons of different lengths (50 − 150) and widths (3 − 8) . For the sake of comparison we have presented the results for the systems with the same length (150); the widths are varied as per requirement. We consider two separate cases, (i) magnetic field parallel to the ribbon plane, and (ii) magnetic field perpendicular to the ribbon plane.
When the magnetic field B is parallel to the ribbon plane, all nearest neighbor hopping terms along the length of the ribbon will be modified by the same Peierl's phase φ, such that
where the surface integral is carried over the cross section of the cylinder. N is the length of the ribbon in units of lattice constant. In the second case, when the magnetic field B is perpendicular to the ribbon plane, we choose the Landau gauge A = (0, Bx, 0), where we have assumed the Y axis to be along the translationally invariant direction and the X axis perpendicular to the Y axis in the ribbon plane. Now the nearest neighbor hopping integrals along the length of the ribbon will depend on the X coordinate or the layer number in the following way,
which lead to
and
where φ is the flux through a plaquette and φ 0 is the flux quantum; m denotes the layer number of the ribbon containing the i-th and the j-th sites. While performing the transformation of the lattice one ensures that the flux through one basic hexagonal plaquette in the graphene equals the flux through one basic rectangular plaquette in the brick-type lattice. This restriction determines the nearest neighbor distance a in the brick-type lattice in terms of the nearest neighbor distance b in the graphene ribbon. We use a typical value for the latter: b = .25 nm [29] . In all of our calculation we set the scale of energy by setting the nearest neighbor hopping integral t = 1.0.
For the purpose of illustration we consider the case of µ B B/t = 1. For the graphite ribbons t is 2.7ev [30] . Value of the magnetic field B in this situation is 4.6 × 10 4 Tesla.
We calculate the density of states ρ(E) =
, where E i 's are the energy eigenvalues. To study the conductivity of the system, we calculate the Drude weight (D) and the charge gap (∆). The charge gap (∆) at the Fermi level of a system containing n electrons is given by
where E n is the ground state energy for a system of n electrons. To calculate the Drude weight (D), a vanishingly small magnetic flux φ ′ is introduced along the axis of the cylinder-shaped ribbon. The flux φ ′ does not penetrate the ribbon, so it does not alter the Zeeman interaction term and only modifies the hopping integrals parallel to the length of the ribbon according to Eq. 3.
The Drude weight is calculated from the formula [31, 32] 
where E(φ ′ ) is the ground state energy of the system in the presence of the flux φ ′ . For U > 0, we observe a few gaps in the energy spectrum other than the Hubbard gap. These gaps are seen for small ranges of values of U, listed below :
Magnetic field parallel to the graphite plane
1.8 ≤ U ≤ 3.6 for width 3, 3.3 ≤ U ≤ 4.1 for width 5.
We have presented the cases with U = 3 and U = 3.6 for armchair ribbons with widths 3 and 5 respectively. These gaps arise due to the special geom- In the absence of the magnetic field and the Hubbard correlation, analytic calculations show that the zigzag ribbons are metallic at half-filling [4, 33] .
In Fig. 3 , we present the density of states for zigzag ribbon with width 3 both in the absence and in the presence of the Hubbard interaction. It shows that the energy spectrum is gapless for U = 0 ( Fig. 3(a) ) and for U > 0 there is only one gap at the Fermi level ( Using the data for the density of states, the Drude weight and the charge gap, we have constructed the phase diagrams for these systems in the U − B plane, which give a detailed idea of the conduction property of the systems.
In Fig. 5 (a) and 5(b), we have drawn the U − B phase diagrams of the armchair ribbons with widths 3 and 5 respectively. It is clear from these phase diagrams that for U = 0, the system is insulating for width 3 and conducting for width 5 in absence of magnetic field. As the magnetic field is turned on and increased, after a critical value of B, the armchair ribbon with width 3 becomes conducting. On the other hand the ribbon with width 5 continues to be conducting in the presence of B. In absence of the magnetic field the system is insulating due to the Hubbard gap in the spectrum for U > 0. A finite value of the magnetic field is required to turn the system conducting.
At moderate values of U (the range specified in Eq. 9), with the increase of B, two additional phase transitions are observed for both the cases, one from a metallic to an insulating phase and another from an insulating to a metallic phase. As a result of this, small insulating portions are observed in the middle of the conducting regions of the phase diagrams. These insulating islands arise due to the gaps other than the Hubbard gaps shown in the plot of the density of states ( This is interesting to note that only in the case of the armchair ribbon there arise additional gaps apart from the usual Hubbard gap (see, for example, the gap around E = 3.5 in Fig. 2(b) ). In the presence of the Hubbard correlation (i.e. U = 0) the system is driven to a spin density wave (SDW) Fig. 6(a) . This type of modulation is not observable in zigzag ribbons (Fig. 6(b) ). The additional SDW modulation is responsible for opening up additional gaps in the spectrum of the armchair ribbons in case of U = 0. Certainly these gaps will decrease with increasing ribbon width but will remain sensibly unchanged with increasing length. As we have noted in Eq. 9 these gaps are observable for a narrow range of value of U that depends on the width of the system. Larger U values wipe out the effect of the additional SDW modulation and consequently the usual Mott-Hubbard gap alone survives.
We check the sensitivity of our results to the system length by calculating a quantity Σ defined by Σ =
, where σ i = n i,↑ − n i,↓ , the moment at site i along the symmetry axis of the ribbon. The variation of Σ with the system length N is plotted in Fig. 6 (c) for a typical value of U (= 2.4) and B (= 1.0). It turns out that the results become insensitive to the boundary condition as Σ goes to zero for N ∼ 100 − 150.
Magnetic field perpendicular to the graphite plane
In this section similar studies are done but the direction of the magnetic field is taken perpendicular to the ribbon plane. The effect of the magnetic field B is quite complicated in this case. As we have discussed earlier (Eqs. With the magnetic field perpendicular to the ribbon plane, the positions of the gaps in the energy spectrum depend on the magnitude of the magnetic field, unlike the case with the magnetic field parallel to the ribbon plane.
Studying the variations of the Drude weight and the charge gap with B for fixed U values, we see that a few transitions occur between the insulating and the conducting phases with the increase of B from the zero value. Figure 10 shows one representative case (for armchair ribbon of width 3 at U = 1) of such variations.
To get a clear view, we have plotted the U − B phase diagrams of the systems in Fig. 11 . Here the first two diagrams are for the armchair ribbons where the system becomes metallic. Thus we find some conducting lobes immersed in the "sea" of a large insulating region. These metallic lobes are marked with even Roman numerals (e.g. II, IV and VI) in Fig. 11 . Apart from these there also appear tiny metallic lobes in the case of the armchair ribbon of width 5 (within the insulating region V in Fig. 11(b) ). In the case of the zigzag ribbon, on the contrary, we find a very small insulating lobe inside a conducting one (i.e. lobe number IV in Fig. 11(c) In the special case of an armchair ribbon of width 3 the insulating region I persists even upto U = 0 (known to be an exact result at least for B = 0 [4, 33] ) where the system behaves like a paramagnetic insulator. Antiferromagnetism is switched on as soon as U becomes non-zero. For the armchair ribbon of width 5, however, the system is conducting at U = 0, B = 0.
Antiferromagnetism sets in for U > 0 in the absence of the magnetic field.
In this later case the antiferromagnetic order parameter shows a sudden increase in its value around U/t ∼ 2.2 for B = 0. However, within the present mean field calculations one cannot predict a critical value of U/t, even if it is there, because the charge gap and the antiferromagnetic order parameter truly vanish only at U = 0.
Comparison between the graphite and the square lattice ribbons
To understand the effect of the special type of structures of graphite lattices, we have studied for comparison the square lattice ribbon structures of width 3 at half-filling. These systems are metallic in the absence of the Hubbard interaction and the magnetic field. Non-zero Hubbard interaction makes the system insulating. It is clear from the plot of the density of states with B = 0 (Fig. 12 ) that the U − B phase diagram (when B is parallel to the ribbon plane) will be qualitatively similar to that of the zigzag graphene ribbons. In Fig. 13 , the density of states of the square lattice ribbons of width 3 in the presence of the magnetic field perpendicular to the ribbon plane is presented.
Here also multiple gaps open up in the energy spectrum. Fig. 11(d) shows the U − B phase diagram for this case. From Fig. 11 it is revealed that the phase diagram of the square ribbon resembles closely that of the armchair graphene rather than the that of the zigzag ribbon. Also the nature of spin polarization in the insulating regions for the square lattice is found to be much similar to the case of the armchair ribbons. In view of this above mentioned similarity between the armchair and square lattice ribbons we further note that the sites on the boundary layers of each of these ribbons belong to the similar status with respect to the coordination numbers. On the other hand the sites of the boundary layer of a zigzag ribbon are not at the same status (see Fig.1 ).
Conclusion
We have studied the simultaneous effects of the magnetic field and the on-site
Coulomb interaction on the nanographite ribbon structures. Single orbital nearest neighbor tight-binding model has been used to study the systems.
Electronic correlation is included in the Hamiltonian using the Hubbard interaction. Reasonably large systems are studied in this work. We have used the unrestricted Hartree-Fock Approximation method, which was found to be reliable in these type of systems [3, 17, 18] . Since a magnetic field in any direction can be resolved into two components, one parallel and another per- 
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